conduction, the displacement of stored thermal volumes by ambient groundwater flow is also an important 23 process controlling the thermal recovery efficiencies of ATES systems. An analytical expression was derived to 24 describe the thermal recovery efficiency as a function of the ratio of the thermal radius of the stored volume over 25 ambient groundwater flow velocity (R th /u). For the heat losses by conduction, simulation results showed that the 26 thermal recovery efficiency decreases linearly with increasing surface area over volume ratios for the stored 27 2 volume (A/V), as was confirmed by the derivation of A/V-ratios for previous ATES studies. In the presence of 28 ambient groundwater flow, the simulations showed that for R th /u < 1 year, displacement losses dominated 29 conduction losses. Finally, for the optimization of overall thermal recovery efficiency as affected by these two 30 main processes, the optimal design value for the ratio of well screen length over thermal radius (L/R th ) was 31
shown to decrease with increasing ambient flow velocities while the sensitivity for this value increased. While in 32 the absence of ambient flow a relatively broad optimum exists around an L/R th -ratio of 0.5 to 3, at 40 m/year of 33 ambient groundwater flow the optimal L/R th -value ranges from 0.25 to 0.75). With the insights from this study, 34 the consideration of storage volumes, the selection of suitable aquifer sections and well screen lengths can be 35 supported in the optimization of ATES systems world-wide. 36 1 Also often referred to as open loop geothermal storage systems. Closed loop or borehole heat exchangers also have a high potential for energy savings. In this paper the focus is on ATES systems because they provides a more (cost) effective option for large scale cooling and heating in urban areas mainly for utility buildings and large scale housing complexes 4 For both an optimal energy performance of an ATES system as well as minimal effect on the subsurface, the 82 thermal energy recovery efficiency needs to be as high as possible. Under these conditions, the electricity 83 required for groundwater pumping and heat pump (Figure 1) 
87
Previous studies have shown that the thermal recovery efficiency of ATES systems are negatively affected by 88 thermal energy losses from the stored volume by conduction, diffusion and dispersion (Doughty et al., 1982; 89 Sommer et al., 2014) . While for high temperature (>45°C) ATES systems, the negative impact of the buoyancy 90 of the stored hot water on thermal recovery efficiency typically needs to be considered (Lopik et al., 2016 ; 91 Zeghici et al., 2015) , this can be neglected for low temperature ATES systems (Doughty et al., 1982; Zuurbier et 92 al., 2013) . However, as these low temperature ATES systems are typically targeting relatively shallow aquifers, 93 the impact of stored volume displacement by ambient groundwater flow requires consideration. Although the 94 impact of ambient groundwater flow on injected and recovered water volumes has been studied (Bear and 95 Jacobs, 1965; Ceric and Haitjema, 2005) , the impact of ambient groundwater flow on thermal recovery 96 efficiency in ATES systems, has thus far not been explored. Moreover, it is unclear how the combined impact of 97 these processes (dispersion, conduction and advection) affects the thermal recovery efficiency of ATES systems 98 under practical conditions and how the efficiency can be optimized. 99 5 Therefore, the aim of this study is to use analytical methods to elucidate the impact of ambient groundwater flow 100 and conduction and dispersion on the thermal recovery efficiency of ATES systems and to use numerical 101 methods to assess how the combined heat loss by multiple processes can be minimized. As a practical 102 framework for the conditions investigated, the wide range of ATES system characteristics and hydrogeological 103 conditions in the Netherlands was used. The resulting insights are meant to provide a useful basis to enable the 104 optimization of the thermal recovery efficiency of ATES systems and to further optimize development for 105 sustainable heating and cooling of buildings world-wide. 106 
Materials and Methods

111
Theory of heat transport and recovery during ATES
112
Definition of thermal recovery efficiency for ATES systems 113
The thermal energy stored in an ATES system can have a positive and negative temperature difference between 114 the infiltrated water and the surrounding ambient groundwater, for either heating or cooling purposes (Figure 1) . 115
In this study the thermal energy stored is referred to as heat or thermal energy; however, all the results discussed 116 equally apply to storage of cold water used for cooling. As in other ATES studies (Doughty et al., 1982 ; 117 6 Sommer, 2015), the recovery efficiency (η th ) of an ATES well is defined as the amount of injected thermal 118 energy that is recovered after the injected volume has been extracted. For this ratio between extracted and 119 infiltrated thermal energy (E out /E in ), the total infiltrated and extracted thermal energy is calculated as the 120 cumulated product of the infiltrated and extracted volume with the difference of infiltration and extraction 121 temperatures (∆T = T in -T out ) for a given time horizon (which is usually one or multiple storage cycles), as 122 described by: 123
with, Q being the well discharge during time step t and Δ T the weighted average temperature difference 125 between extraction and injection. Injected thermal energy that is lost beyond the volume to be extracted is 126 considered lost as it will not be recovered. To allow unambiguous comparison of the results the simulations in 127 this study are carried out with constant yearly storage and extraction volumes (V in = V out ). 
138
Resulting in a heat transport velocity at approximately 50% of the groundwater flow velocity (u). Under 139 conditions of ambient groundwater flow, thermal energy stored in an aquifer will thus be displaced and can only 140 be partly (Bear and Jacobs, 1965) recovered. 141
Loss of heat by dispersion and conduction 142
Mechanical dispersion and heat conduction spread the heat over the boundary of the cold and warm water bodies 143 around the ATES wells. As a consequence of the seasonal operation schedule, diffusion losses are negligible 144 (Anderson, 2005; Bear, 1979) . Both other processes are described by the effective thermal dispersion (D eff ) 145 which illustrates the relative contribution of both processes to the losses, following: 146
where, the first term represents the conduction, which depends on the volumetric heat capacity (c w ) of water and 148 the thermal conductivity (k Taq ) The second term of Equation (3) represents the mechanical dispersion, which depends on the dispersivity (α) of 154 the subsurface, porosity and the flow velocity of the water (v), which is the sum of the force convection due to 155 the infiltration and extraction of the well, as well as the ambient groundwater flow (u). For ATES wells that fully 156 penetrate an aquifer confined by aquitards, the dispersion to cap and bottom of the thermal cylinder (Figure 3 ) is 157 negligible due to the lack of flow (Caljé, 2010; Doughty et al., 1982) . With regularly applied values of 0.5 to 5 158 for the dispersivity (Gelhar et al., 1992) , the dispersion is in the same order of magnitude as the conduction at 159 flow velocities of 0.01 to 0.1 m/d. 160
Since losses due to mechanical dispersion and conduction occur at the boundary of the stored body of thermal 161 energy, the thermal recovery efficiency therefore depends on the geometric shape of the thermal volume in the 162 aquifer (Doughty et al., 1982) . Following Doughty (1982) , the infiltrated volume is simplified as a cylinder with 163 a hydraulic radius (R h ) defined as: 164 
The size of the thermal cylinder thus depends on the storage volume (V), screen length (L, for a fully screened 168 aquifer), porosity (n) and water and aquifer heat capacity (Figure 3 ). This equation is approximate because 169 heterogeneities and partially penetration of the screens are ignored. Doughty et al. (1982) introduced a 170 dimensionless ratio of screen length and the thermal radius (L/R th ) as a parameter to describe thermal recovery 171 efficiency of ATES systems for a particular stored thermal volume. They found that the ATES recovery 172 efficiency has a flat optimum between a value of 1and 4 for this ratio. 173 
176
Losses due to interaction between ATES systems are not taken into account in this research. Also interaction 177 between the warm and cold well of the same system is not taken into account as this is prevented by the 178 permitting requirement to ensure sufficient separation distance (three times the thermal radius). 
Characteristics and conditions of ATES systems in The Netherlands
223
Characteristics of the ATES systems 224
Data on the location, permitted yearly storage volume, pump capacity and screen length of 331 ATES systems in 225
The Netherlands (15 % of total number of systems) were obtained from provincial databases that keep combined 226 records for ATES characteristics of interest for this research (Provinces of Gelderland, Noord-Brabant, Noord-227
Holland, Utrecht and Drenthe, Figure 4) . 228 
Results
247
ATES system properties in The Netherlands
248
Permitted capacity and screen length 249
The permitted capacity of the ATES systems ranges up to 5,000,000 m 3 /year but most (~70%) are smaller than 250 500,000 m 3 /year ( Figure 5 , Table 2 ). The observed differences in ATES system characteristics for the different 251 provinces were limited and therefore not presented separately. 252 
257
To be able to evaluate the resulting geometry of the storage volume in evaluating dispersion and conduction 258 losses it is assumed that the thermal energy is stored in a single cylindrical volume. Most ATES systems in the 259
Netherlands are single doublet systems or multiple doublet systems with clustered warm and cold wells. 260
However, particularly for some larger systems, warm and cold wells are not clustered, due to for example spatial 261 planning or geohydrological and/or geotechnical reasons . Unfortunately the provincial 262 data did not include the number or type of well pairs. Therefore the data was filtered for the systems for which a 263 multiple number of well pairs or other deviating aspects could be confirmed. Those systems mostly belong to the 264 largest 10 % of the systems, or belong to outliers in the data distribution of screen length over stored volume, 265 and were therefore excluded.. For the largest systems, multiple doublets were confirmed for several systems (e.g. 266   C, D, F,G, H, I ). In addition, some errors were found in the data of the provincial databases, inconsistent, 267 incomplete entries (e.g. E) with errors (e.g. impossible short or long screen lengths), such as monowell systems 268 with only one very long screen which should be divided in two screens (A and B in Figure 6 ). As a result of this 269 validation of the dataset, 331 systems were selected for further evaluation (Figure 6 ). The data used for analysis 270 represents about 15 % of the approximately 2,000 systems operational in the Netherlands (Willemsen, 2016) . 271 
276
Geohydrological conditions 277 Table 3 shows the overall geohydrological characteristics at the location of 204 ATES systems. Both hydraulic 278 conductivity and ambient groundwater flow velocity show a wide range. 279 
Analytical evaluation of ATES thermal recovery 282
Loss of thermal energy due to dispersion and conduction 283
Both conduction and dispersion losses occur at the boundary of the stored thermal cylinder. Following Equation 284
(3); near the well, where flow velocity of the infiltrated water (v) is high, dispersion dominates the conduction 285 term, while further from the well, the effects of dispersion decreases. Equation (3) and the values for the 286 dispersion and aquifer properties in Table 1 are now used to identify the distance from the well at which the 287 dominating process contributing to loss, changes from dispersion to conduction , 
296
When the infiltration continues, the movement of the thermal front is dominated by the advective heat transport 297 of the injection. , The (high) dispersion losses that occur at the high flow velocities close to the well are 298 "overtaken" when infiltration of heat continues, resulting in sharp heat interface as the infiltration volume 299 increases. This sharp interface remains sharp during infiltration because the heat injected by the well travels 300 faster than the standard deviation for the conduction   2 T Dt   .During storage and extraction the interface 301 will become less sharp due to respectively conduction and the opposite effect of these mechanisms. The heat that 302 thus stays behind causes that efficiency improves and stabilizes over multiple storage cycles. From which it is 303 concluded that losses can be minimized by minimizing the total surface area of the circumference and the cap 304 and bottom of the thermal cylinder (A) of the stored heat volume (V) in the aquifer. This can be done by 305 identifying an appropriate screen according to the required storage volume and local conditions, in order to 306 minimize the surface area -volume ratio; 307 
316
To identify the optimal screen length the derivative for surface area of the thermal cylinder is equated to zero, 317 which results in an expression for optimal screen length as a function of required storage volume; 318 3 2 2 1 2 2 1.23
. 319
Consequently, relatively small storage volumes experience higher losses due to dispersion losses. Because there 320 is no or little flow to and from the confining layers of an ATES well, conduction losses along the interface with 321 the confining soil layers may differ from the ones around the circumference. Therefore Doughty et al. (1982) 322 distinguished between the two in their research to optimize well design, to account for the reduced conduction 323 losses to confining layers after several storage cycles. Their Simulation showed that efficiency increases with the 324 first number of storage cycles and found that the optimal ratio between screen length and thermal radius (L/R th ) 325 has a flat optimum around 1.5 when taking into account different thermodynamic properties of aquifers and 326 aquitards. Substituting the expression for the thermal radius (R th , Equation (5) For every ATES system with τ < 1 the efficiency can be obtained with this relation. When R th > u, the t sp u * -term 372 under the square root contributes less than 1% to the obtained efficiency. Under these conditions, both right and 373 left term of Equation (12) depend on the ratio between the traveled distance and the thermal radius. So for any 374 constant combination of u * over R th , the efficiency is the same, which allows to identify the efficiency as a 375 function of the R th /u-ratio for different storage periods, Figure 10 (bottom). This can be used to identify 376 minimum desired thermal radius (i.e. maximum desired screen length for a given storage volume) at a location 377 with a given groundwater flow velocity to meet a minimal efficiency. 378
20
The derived relation is now used to assess the well design data with respect to the local ambient groundwater 379 flow velocity, hydraulic conductivity and thickness of the aquifer. For each of the ATES systems in the dataset 380 the R th /u-value was determined, the relation given in Figure 10 ATES systems with an expected efficiency lower than 80% (Table 4 ) the average storage volume is relatively 387 small and the average flow velocity relatively high at 36 m/y. Although minimizing screen length reduces heat 388 losses due to displacement, minimizing for conduction and dispersion losses require an optimal screen length for 389 a particular storage volume. 390 
Conclusion analytical analysis 392
In optimizing the storage geometry of ATES systems the applied length should be carefully considered. for screen length selection is high, as these are most vulnerable for significant losses as a consequence of 401 ambient groundwater flow and dispersion and conduction (Figure 8 and Figure 10) . 402
Numerical evaluation of energy losses
403
To assess the combined effect of conduction, dispersion and displacement losses, the results of the performed 404 numerical MODFLOW simulations are discussed and compared with the straightforward and simple analytical 405 solutions presented in the previous section. The wide range of ATES conditions for which the numerical 406 simulations were performed resulted in recovery efficiencies between 10 and 70%. (Figure 12) . 407
Contribution of displacement losses 408
The lowest efficiencies are associated with the scenarios with high ambient groundwater flow (>50 m/year), 409 together with relatively small thermal radius, which results in a small thermal radius over ambient groundwater 410 flow (R th /u -ratio <1 y). 
422
Contribution of conduction and dispersion losses 423
Simulated efficiencies for the scenarios without ambient groundwater flow were highest, up to 75%, and highly 424 correlated with the surface area over volume ratio A/V (Figure 13 
Discussion
506
The fact that well design can be best determined for maximum storage volume, then leads to the conclusion that 507 150 % of the expected yearly average storage volume, which in turn is about 75% of the permitted capacity 508 (50% of permitted capacity is used in practice) must be used as a basis for well design. Correcting the data of the 509 27 permitted volumes for these two aspects results in the ATES systems plotted in Figure 9 and Figure 11 to 510 respectively move up-and downwards. 511
Additional well design criteria in practice 512
The well design criteria required to assess and optimize the thermal recovery efficiency were considered in this 513 study. However, in practice additional aspects such as capacity, prevention of well clogging, available aquifer 514 thickness, mutual interaction and drilling and installation costs all play a role in determining the well design. In 515 practice the determination of screen length is mainly based on the maximum desired pumping rate (NVOE, 516 2006) . Together with minimizing drilling costs this is a driver for screen lengths that are too short to achieve 517 optimal thermal efficiency, which is clearly reflected in Figure 9 . In the Netherlands, a clear guideline or method 518 available to take account for losses as a result of ambient groundwater flow in well design is currently lacking 519 (NVOE, 2006), which is reflected in Figure 11 . The effect of a partially penetrating well on the distribution and 520
A/V-ratio of heat is both not discussed in this study and not taken into account in current practice. However, 521
given the identified significant effect of the A/V-ratio on efficiency, the efficiency of a partially penetrating well 522 may deviate significantly from a fully penetrating well with the same storage volume and screen length. For 523 partially penetrating wells the aquifer anisotropy is also an important parameter to consider. 524
In this study is shown that suboptimal well design may have a large influence on well efficiency, but can also be 525 limited relatively easily. As shown in Figure 8 and Figure 14 , the dependency for both A/V and L/R th with 526 efficiency has a flat optimum beyond some threshold, which then allows dealing with local aquifer thickness 527 conditions and uncertainties in storage volume now this threshold is known. 528
The impact of ambient groundwater flow on the efficiency of ATES systems 529
High ambient groundwater flow affects the recovery efficiency of ATES systems significantly. The missing 530 framework to assess stored heat losses due to groundwater flow is introduced in this paper. Also the orientation 531 of ATES wells with respect to the ambient flow direction needs to be taken into account. Warm and cold wells 532 need to be oriented perpendicular to the flow direction. For individual systems this framework helps to improve 533 well efficiency, a drawback of the presented framework is, however, the resulting large thermal radii and 534 suboptimal use of aquifer thickness. In areas with many ATES systems close together this may lead to scarcity of 535 subsurface space for ATES. In such busy areas with high ambient groundwater flow, planning strategies should 536 work towards placement of same type of wells in the direction of the groundwater flow, where then only the 537 most upstream wells will suffer from losses due to groundwater flow, for which compensation arrangements may 538 28 be made. Multi doublet systems on the other hand may better use the strategy to place well of the same type in 539 the direction of the flow and infiltrate relatively more heat in the upstream and extract more from the 540 downstream well to compensate for the ambient groundwater flow losses, as was described by Groot (2013) . 541
The effect of aquifer conditions 542
The shape of the stored heat was assumed to have a cylindrical shape in this evaluation of well design. However, 543 in a heterogeneous aquifer the storage volume does not have the shape of a 'perfect' cylinder, resulting in a 544 varying thermal radius over the depth of the screen. As a consequence of heterogeneity the A/V-ratio in practice 545 is higher compared to the expected value for a homogeneous aquifer. Although they both use a single ATES 546 configuration, Sommer (2013) and Caljé (2010) show that the net effect of heterogeneity on efficiency is limited 547 over multiple storage cycles and its influence is much smaller compared to the effect of A/V and ambient 548 groundwater flow on the efficiency. Only when gravel layers are present such heterogeneity may affect 549 efficiency significantly, and should therefore best be blinded (Caljé, 2010) . Next to variations in hydraulic 550 conductivity, also variations in salinity may affect the shape of the storage volume due to buoyancy flow due to 551 density differences. Such aspects will affect the efficiency dependencies derived for the homogeneous and 552 isotropic conditions evaluated in this study. Also the efficiency dependency for application of ATES in more 553 challenging geohydrological environments will require further study. 554
Combined wells and mutual interaction 555
This study focusses on optimizing the recovery efficiency of a single ATES systems and individual wells, ATES 556 systems however cumulate in urban areas (Bloemendal et al., 2014; Hoekstra et al., 2015) and regularly share 557 subsurface space to store or extract heat. As a consequence, additional considerations need to be taken into 558 account, which might lead to deviations from the design consideration presented in this research. For example, 559 planning of subsurface space occurs based on the thermal footprint (Figure 3 ) of an ATES well projected at 560 surface level (Arcadis et al., 2011; Li, 2014) , which then promotes the use of longer screens. From the flat 561 optima shown in Figure 14 it can be seen that the individual well efficiency may not have to suffer much from 562 such additional consideration. This will allow larger number of ATES systems to be accommodated in such areas 563 and with that the overall CO 2 emission reduce (Jaxa-Rozen et al., 2015). Also, large ATES systems often have 564 multiple warm and cold wells which are placed together and function as one single storage in the subsurface. The 565 length of the screens of such combined wells should therefore also be determined based on the fact that they 566 function as one storage volume in the subsurface, disregarding this aspect gives a suboptimal A/V and amplifies 567 the effect of having a larger footprint, in areas where this must be prevented. From this is concluded that 568 combining wells, also requires a well design for the individual wells based on storage capacity of both wells 569 together. However, in such busy aquifers best would be to promote the use of the full aquifer thickness for wells 570 and use a full 3D planning strategy. 571
Conclusion
572
In this study an evaluation of ATES characteristics from practice together with analytical and numerical 573 simulations were used to develop the missing framework for ATES well design to achieve optimal recovery 574 efficiency. This work includes the losses due to heat displacement with ambient groundwater flow. The results 575
show that two main processes control thermal recovery efficiencies of ATES systems. These are due to the 576 thermal energy losses that occur 1) across the boundaries of the stored volume by mainly conduction and 577 dispersion only at smaller storage volumes and 2) due to the displacement of stored volumes by ambient 578 groundwater flow. 579
For the latter process, an analytical expression was deduced that suitably describes thermal recovery efficiency 580 as a function of the ratio of the thermal radius over ambient groundwater flow velocity (R th /u). For the conditions 581 tested, at R th /u < 1 the displacement losses were dominant and thus would require minimization of the well 582 screen length or maximize the volume stored. Obviously, practical aspects, such as required minimum well 583 capacity or the availability of suitable aquifers, may prevent the use of optimal screen lengths as is illustrated for 584 a large part (15%) of the evaluated Dutch ATES systems that indicate an a efficiency of less than 50%, due to 585 ambient groundwater flow (Figure 11) . 586
With respect to the dispersion and conduction losses it was shown that conduction is dominating and for the 587 numerical simulation results of this and previous studies, thermal recovery efficiency linearly increases with 588 decreasing surface area over volume ratios of the stored volume (A/V) for a particular set of operational and 589 geohydrological conditions. With respect to the losses due to conduction and dispersion, the optimal screen 590 length has a flat optimum, which allows to also take account for other considerations in well design like 591 neighboring systems and partially penetrating effects. 592
For the optimization of thermal recovery efficiency with respect to both main processes, the optimal value for 593
the ratio of well screen length over thermal radius (L/R th ) decreases with increasing ambient groundwater flow 594 velocities as well as its sensitivity for efficiency. With the insights on the controls on thermal recovery efficiency 595 derived in this study, the assessment of suitable storage volumes, as well as the selection of suitable aquifer 596 30 sections and well screen lengths, can be supported to maximize the thermal recovery of future seasonal ATES 597 systems in sandy aquifers world-wide. 598
